Abstract----Noise of the turbines is a major consideration in determining the acceptance of a wind farm planning application. In this study, the wind turbine noise sources are presented and discussed with the different noise prediction models. The technical characteristics of the turbine model used in this study are defined and used as the input data for the different models. The resulted values from the models have been investigated and an approach for predicting the sound power of wind turbines is proposed in this paper. The results show that the used model should be decided according to the parameter inputs available for the turbine model and also according to the accuracy level needed for the study.
I. INTRODUCTION
ENEWABLE energy comes from natural resources such as sunlight, wind, rain, and geothermal heat, which are renewable. Globally, the long-term technical potential of wind energy is believed to be five times total current global energy production. Wind turbines can be a great way to utilize the wind energy to convert it into usable electricity. This could require wind turbines to be installed over large areas, particularly in areas of higher wind resources. Utilizing the winds energy with a wind turbine can provide a source of clean and renewable electricity for large or small communities. Wind turbines can be installed as single installations or as part of a wind farm. Some wind farms are capable of providing the entire electricity supply for large villages or small towns and are most effective on high ground where the wind speed is generally higher and more constant than at lower levels.
The purpose of this study is to develop an approach of calculating the sound power emitted by wind turbine blades. This is done through studying the different sources of noise in wind turbines and the models predicting their sound power. This will help urban planners assess the noise impact of new wind farms.
In this study, different wind turbine noise types are defined, and their predictive prediction methodologies and their input parameters are introduced.
II. NOISE SOURCES OF WIND TURBINES
The noise emitted from wind turbines can be classified to two types of sources: Mechanical noise which is generated from the relative motion of the machinery components of the turbine, and aerodynamic noise which is caused by the air flow around the blades.
A. Mechanical noise
The main sources of the mechanical noise are mainly the gearbox and generator. The noise emitted from gearbox is structure-borne and air-borne noise, while the noise of the generator is considered only air-borne noise. This is beside the noise emitted from the hub, the rotor and the tower which can transmit the machinery noise. Table 1 represents the Contribution of individual components to the total sound power level of a 2MW wind turbine which reported by Pinder [1] . 
B. Aerodynamic noise
The wind turbine aerodynamic noise is very important to be investigated because of its high emission levels in addition to the difficulty of its control compare with the mechanical noise. The aerodynamic noise can be classified to three types of sources:
1. Low-Frequency Noise, caused by the wind speed change passing through the blades with the tower presence. The most common designs of wind turbines nowadays are upwind designed which has a reduced effect from the tower compare with the downwind type. The low frequency noise becomes not an important noise source when the A-weighting filer is applied to it.
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Eman Zidan, Tamer Elnady, and Adel Elsabbagh 2. Turbulent Inflow Noise, caused by the atmospheric turbulence and the interacting of the turbulent air with the turbine blades. The characteristics of this noise depend on the atmospheric boundary layer characteristics.
3. Airfoil Self Noise, occurs even if there is no turbulence flow, this noise is caused by the interacting of the air flow with the airfoil surface. The airfoil self noise has a broadband nature and it has different noise mechanisms which are: Turbulent boundary layer trailing edge noise, laminar boundary layer vortex shedding noise, tip vortex formation noise, and trailing edge bluntness vortex shedding noise
III. NOISE PREDICTION MODELS OF WIND TURBINES
The wind turbine mechanical noise can be reduced by some simple mitigation measures such as using quitter gearbox, periodic maintenance, changing of some mechanical parts which can affect the emitted noise. That's why the mechanical noise has been neglected in this study and only the aerodynamics has been considered and investigated.
This section investigates some noise prediction models of the different aerodynamic noise types illustrating the required parameters for each model and how each model can be implemented. Some of the prediction models are simple rules of thumb for the overall levels, and some require complicated inputs and produce the whole frequency range. The different prediction models have been classified according to Lowson [2] into three classes. Class I models are rules of thumb giving the overall Sound power/pressure levels. These models require simple input parameters, such as rotor diameter, power, and wind speed. Class II models estimate the sound pressure level in a frequency broadband and it requires more complicated input parameters. Class III models includes more refined models describing the noise mechanisms. Up to now, no models of this type have been available for implementation.
A. Class I noise prediction Models
There are four models for wind turbine noise prediction that can be classified as class I category.
1. Lowson model [2] : Equation (1) has been developed by Lowson as a very simple method to obtain the overall sound power level with simple input parameters. 50 wT 10log 10 + P = L wA (1) Only one parameter is required as an input for this model which is the rated power of the wind turbine (PwT) in Watts. 
This model has been developed to estimate the overall sound pressure level at a certain distance (L pA ). The parameters required for this model are the number of blades (n B ), blade area (A b ), rotor area (A r ), axial force coefficient (C T ), rotor diameter (D), the distance between the rotor hub and the observer (r), and a few constants (C 1 -C 6 ). The values of these constants are listed in the next section.
5. Models introduced by noise propagation software based on real measurements. Many noise propagation software have a sound emission libraries that provides a pre-measured Sound power levels for different type of sources, the library provides a selection of wind turbine types with specific parameters and their overall sound power levels based on actual measurements, these models can be used as a reference for the estimated sound power levels of different wind turbines if the basic geometric parameters are known. Table 3 shows the different models provided by SoundPLAN software for some wind turbine types at wind speed of 8 m/sec. 
B. Class II noise prediction Models
In the following models, the turbine blade is divided into segments, each segment has its own chord, span, angle of attack, free stream velocity, and hence each segment has its own contribution on the total sound level emitted. The sound levels of the different blade segments have to be summed producing the sound pressure level of every noise source. The number of blade segments is decided according to the change of the blade geometry along the span.
1. Brooks, Pope, Marcolini (BPM) Model [6] BPM model studies the airfoil self-noise sources individually. The application of the codes requires noise contributions from all the blade segments to be considered. The codes of the different noise sources are discussed in the following discussion.
The Turbulent Boundary Layer Trailing Edge (TBL-TE) noise has a broad band frequency spectrum; the sound pressure levels are directly proportional to the Reynold numbers. Equation (5) is the main formula for the total sound pressure level of the pressure side, and the same equation will be applied for the suction side with the suction side parameters.
( ) ( )
Where δ p is the boundary layer displacement thickness of the pressure side which is function in the Reynolds number and the angle of attack, there is a boundary layer thickness value for every segment because of the chord and the velocity change along the span, and hence the Reynolds number varies at each segment, α is the angle of attack which is also varying from point to another along the span, Re c is the Reynolds number based on chord, M = U/c a is the Mach number which varies with free stream velocity at each chord, c a is the speed of sound, L is the length of the segment span, D h is the directivity, r e is the observer distance.
A is the frequency spectrum shape which is the responsible factor for obtaining the results in frequency range,
is the Strouhal number based on the displacement thickness, f is the frequency,
An equivalent expression is developed for the suction side.
( )
Where (L p ) s is the sound pressure level from the suction side. The total sound pressure level from turbulent trailing edge noise is then found from: 
(L p ) a is the sound pressure level when the angle of attack is not equal to zero 
Equations (7) 
The first term in equation (10) is the same of the previous code which was for the turbulent boundary layer trailing edge noise. The new parameters here in this model are h which is defined as the trailing edge gab or the trailing edge thickness, the expression that usually used to define this parameter is c h / which is the ratio between the TE thickness and the chord length, δ avg is the average displacement thickness for the suction and pressure side, Ψ is the solid angle between the sloping surfaces upstream of the trailing edge or it can be called the trailing edge angle. 4 G is the peak level spectrum and 5 G is the shape of the spectrum. 4 G is function of the thickness ratio δ h St = and the trailing edge angle Ψ . 5 G is function of the same parameters of 4 G in addition to the Strouhal number and the peak Strouhal number.
The Strouhal number is defined by the TE thickness instead of the boundary layer thickness parameter that was number is function of the trailing edge angle and the thickness ration and it varies according to the thickness ratio value. The Tip Vortex Formation (TIP-VF) Noise is caused by the interaction between the tip vortex and the trailing edge. The tip noise is not significant compared to the turbulent trailing edge noise. Equation (12) 
/ is the Strouhal number, h is the trailing edge gab, max U is the maximum velocity in the vicinity of the tip vortex. This model could not be applied due to the difficulty of getting some parameter inputs for the turbine model used for the study.
Lowson's Model [2]
Turbulent Inflow noise: As mentioned previously, the inflow noise is caused by the interaction of the turbulent air and with the blade.
Equation (13) is the main formula for the high frequency levels which will be corrected later for the low frequency ranges. I is the turbulence intensity, and it is assumed to be 1% for low turbulence, 5% for medium, 10%--20% for high turbulence. Here it is assumed that it's a medium turbulence flow with 5% turbulence intensity. U πfc = k / is the wave number. Equation (14) estimates the total sound pressure level for the segment.
Where LFC is the low frequency correction factor which is calculated from equation (15) 
And .
Trailing-Edge Noise: this prediction uses a re-analysis of the BPM model measured data. Grosveld's Model [7] Inflow-Turbulence noise: this model considers that the noise source is represented as a point located at the turbine hub and it is only valid for low frequencies, where turbulence length scale is large compared to the blade chord. The Sound pressure level is given by:
This model couldn't be applied due to the difficulty of getting some parameter inputs for the turbine model used for the study.
Trailing-Edge noise: Grosveld's model [7] uses the results of Schlinker and Amiet [8] that was developed for helicopter noise. 
The required parameters for this model are already presented and discussed in previous models in this paper, only the frequency dependent scaling function has to be defined in equation (21) ( )
Where the maximum Strouhal number max St equals 0.1
IV. NUMERICAL EXAMPLE
In this section, some results are illustrated using different noise prediction models in order to propose an appropriate approach for predicting the sound power of wind turbines. The values of the input parameters used for this study are presented and the numerical results obtained from the different models are investigated. The turbine considered in this study has a rated power of 55 kW and rotor diameter of 15.5 m.
A. Class I models

Lowson model [2]
International
http://dx.doi.org/10.15242/IICBE.C1014154Equation (1) requires only one parameter which is the turbine rated power wT P in Watts. The rated power of the used model equals to 55 kW. The calculated overall sound power level obtained from this model equals 97 dB(A).
Hau model [3]
Equation (2) requires only the rotor diameter which is equal to 15.5 m, the overall sound power level obtained from this model equals 98 dB(A).
3. Hagg model [4] Equation (3) which is developed by Hagg [4] requires also the rotor diameter in addition to the tip speed V Tip which is equal to 58.6 m/s. This model estimates a sound power level of 96 dB(A). The other model that is developed by Hagg [5] estimates sound pressure level at a certain distance, the following input parameter are used for this model: The number of blades n B is 3, the rotor diameter D equals to 15.5 m, the blade area A b is equal to 5 m 2 , the rotor area A r is equal to 754 m 2 , and the axial force coefficient C T equals to 0.7258. The constants C i have the following values: r is the distance from the rotor hub to observer which is assumed to be 1 m. Since this model estimates sound pressure level, it cannot be directly compared to other models which estimate the sound power levels. The sound power level is estimated from the overall sound pressure level using equation (22) [10]
C is the summation of some correction factors depending on the medium of the source, these factors depend on directivity, source characteristics (whole, half, or quarter sphere), distance effect, air absorption, ground and meteorological effects, attenuation by surrounding areas, screening, addition by reflection, correction by the running time or other (tonality, impulsiveness).
Assuming some values for these factors, C is taken equal to 11. Hence, the sound power level of this model equals to 88 dB(A). Table 5 concludes and presents the A-weighted overall sound power levels obtained from class I models. 
B. Class II models
Class II models presented in this section estimate the sound pressure level at one meter distance from the hub. Since the frequency input values are defined in third octave bands, the the output is the sound pressure level at third octave bands. The sound pressure level is converted to sound power level using equation (22), and A-weighting curve is applied to the results. The first BPM model for the (TBL-TE) noise which is represented by equations (6), (8) and (9) The third and final model applied by BPM is for the trailing edge bluntness vortex shedding (TEB-VS) noise which is represented by equation (11). The parameters, different from previous models, required for this one are: The trailing edge thickness (h) is defined as a ratio of the chord length h/c and is assumed to be 0.005. The trailing edge angle Ψ is 10.
Lowson model
Two codes for two noise sources are applied for this model. The first is the turbulent inflow noise which is modeled using equations (13) assumed to be 5% corresponding to medium turbulence. The second code is for the TBL-TE noise which is represented by equations (17) 
St
which is defined by 0.1. The overall sound power levels of all noise types from each model is 91 for Lowson model, 84 for BPM model, and 108 for Grosveld model. Table (6) concludes the A-weighted overall sound power levels calculated from the outputs of class II models. Fig. 1 concludes the A-weighted third octave sound power levels. 
Model implemented
LwA dB(A) Lowson [2] 91 BPM [5] 90 Grosveld [7] 108 Fig. 1 Third Octave sound power levels obtained by class II models After investigating the overall sound power levels of the different prediction models, it is obvious that there exists a considerable deviation between the results of the first three simple models which are included to class I and the rest of models which require more parameters to be applied.
It is obvious that estimated sound power levels by class I models are close except for the model by Hagg [5] . This may be attributed to the assumption of a correction factor to predict the sound power level from the sound pressure one. Class I models are easy to implement and the needed information including the turbine power and rotor area are quite simple. However, the estimated sound power levels are overall values and no frequency dependence can be calculated.
On the other hand, the results of different class II models show large deviations which may be attributed to the different noise sources considered and the inaccurate estimation of some parameters. It is obvious that class II models are much more difficult to implement because of the amount of information needed. However, they are able to predict the frequency bands of the produced noise which is often needed in noise control.
In conclusion, class I models can be used as a preliminary estimation of noise expected from wind turbines. However, detailed studies investigating the effect of specific design parameters on the noise produced by the wind turbine necessitate applying class II models.
V. CONCLUSION
The increased use of Wind Turbines develops the need to assess their impact on the environment where they are going to be installed. One of the important aspects of Wind Turbines environmental impact is its noise. In order to assess their noise impact, the sound power of the individual wind turbine needs to be estimated. There are a number of research and models dealing with this issue. The models are reviewed in this paper. Class I models are simple compared to class II ones. Some deviations are quite considerable. An example Wind Turbine was considered and its sound power was calculated using all the models. An engineer can choose which model to use based on the amount of details (overall levels vs. frequency bands) he/she needs and also based on the amount of information available about the wind turbine.
